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I. INTRODUCTION
The inner hair cells (IHCs) of the mammalian cochlea are the major sensory receptors of the auditory system, and they sense the vibrations of the organ of Corti (OC) through their stereocilia. The stereocilia base is firmly attached to the reticular lamina (RL) and their tip is free-standing in the fluid-filled space between the RL and the tectorial membrane (TM) (Lim, 1980) . Because of the free-standing nature of the IHC stereocilia, their motion is determined by the fluidflow in their surroundings, which is determined by the nonlinear interaction of the different modes of vibrations of the organ of Corti (Guinan, 2012) . Consequently, the mechanisms responsible for the vibration of the IHC ciliary bundles are poorly characterized at the present time.
While sound-induced vibration of the cochlea is currently well established in vivo for the basilar membrane (BM), little is known about the vibrations of the OC structures in proximity of the IHC stereocilia. Recently, the development of optical coherence tomography methods has made it possible to record the vibrations of the RL (Chen et al., 2011; Ramamoorthy et al., 2014; Ren et al., 2016a; Ren et al., 2016b) and the TM (Lee et al., 2015) in vivo. However, the available experimental data for these structures are currently insufficient to draw a precise picture of how the OC vibrates and how these vibrations couple to those of the stereocilia.
While physical modeling of the cochlear micro-mechanics (e.g., Steele and Puria, 2005; Steele et al., 2009 ) offers a fundamental tool to understand how the vibrations of the OC couple to those of the stereocilia, this approach requires the estimation of numerous physical properties of the cochlea, which are not easily determined in sensitive preparations.
This study proposes a complementary but different approach to characterizing the vibrations of the IHC stereocilia, which relies on estimating the mechanical drive to the IHC from the activity of the afferent auditory fibers (AFs) via computer simulations. Specifically, the frequency tuning of the IHC stereocilia is derived from the frequency tuning of the AFs in the mammalian base. The idea behind this approach is that the relationship between vibrations of the IHC stereocilia and the activity of the afferent AFs is primarily determined by the electrochemical properties of the IHC, which have been well characterized in the last two decades. The kinetics of the most prominent currents in the IHC have been documented in mammalian cells using in vitro preparations, which mimic the physiological chemical environment of the IHC (Kros et al., 1998; Marcotti et al., 2004; Jia et al., 2007; Johnson et al., 2011; Johnson, 2015) . Additionally, it has been shown that the whole-cell current flowing through the Ca V 1.3 channels and the rate of exocytosis of neurotransmitter are approximately linearly related in high-frequency IHCs (Brandt et al., 2005; Johnson et al., 2005; Goutman and Glowatzki, 2007; Wong et al., 2014) and that a quantal release of neurotransmitter is sufficient to trigger an action potential in the postsynaptic fiber (Siegel, 1992; Rutherford et al., 2012) .
This knowledge about neural transduction can be employed to deduce the mechanical drive to the IHC from the activity of the AFs for specific cases using a computational-model approach. The proposed approach has several advantages over vibrometry. First, a large amount of AF data is available for modeling, whereas imaging the tiny vibrations of the stereocilia in sensitive preparations is currently not possible. Second, recordings from the AFs require simpler and less invasive techniques than those from the OC and hence they are less affected by recording artifacts.
The proposed method is best suited for studying levels of neural excitation near the neural threshold, i.e., for small increases of the average discharge rate of the considered AFs over its spontaneous rate. This consideration allows for the omission of some of the aspects of neural transduction that are not sufficiently characterized (e.g., synaptic depression), as they do not play a major role in estimating the threshold levels of the AFs using standard procedures.
II. METHODS
In the following, the model of mechanical-to-neural transduction employed to estimate the relationship between neural and stereocilia frequency tuning is presented. A summary of the model parameter values is given in Table I . The model is mostly based on in vitro measurements of the IHC and uses standard equations to describe the kinetics of the different ion channels. To keep the number of parameters as small as possible, the mathematical description of particular aspects of transduction is simplified in cases where this does not significantly affect the outcomes of the present analysis. An overview of the model is presented in Fig. 1 .
A. Mechanoelectric transduction

IHC membrane potential
The present model of the IHC membrane potential (Fig. 1) is similar to the previously published biophysical models by Zeddies and Siegel (2004) and Lopez-Poveda and Eustaquio-Mart ın (2006) . The membrane potential is mostly determined by the interplay between the mechanoelectric transduction (MET) current I MET and the outward voltagedependent fast and slow activating K þ currents (I K;f=s ). Solving the circuit in Fig. 1 , the membrane potential V m is determined by
where V m is the membrane potential and C m the IHC capacitance. We adopt C m ¼ 12:5 pF based on the recordings from IHCs of mature gerbils by Johnson et al. (2011) . This value agrees well with that found for other rodents (Kros and Crawford, 1990; Kros et al., 1998; Marcotti et al., 2004) .
MET current
Deflection of the hair bundle from its resting position alters the tension between the interciliary tip-links, which leads to a modulation of the number of open MET channels. Hence the deflection of the stereocilia bundle modulates the apical conductance of the IHC, generating a MET current. In vitro, following a step-displacement of the ciliary bundle, the MET current was shown to exhibit exponential adaptation (Howard and Hudspeth, 1987) . A recent study by Corns et al. (2014) shows that at physiological levels of extracellular Ca 2þ , only very small (and relatively slow) MET current adaptation is observed in mammalian IHC during fluid-jet stimulation of the ciliary bundle. For this reason, we neglect the effects of MET current adaptation in this analysis. The activation of the MET conductance is well described by a three-state Boltzmann function of ciliary displacement (Kros et al., 1992) ; however, for small enough values of stereocilia deflection the activation can equally be expressed as a single Boltzmann nonlinearity. This simplification reduces the number of parameters of the transduction nonlinearity from 4 to 2.
Adopting a first-order activation 1 with a time constant s MET ¼ 50 ls (Kennedy et al., 2003) , the transducer conductance can be calculated from the ciliary deflection (l) by treating the MET channels as standard ion channels,
(2)
where G MET is the maximum transducer conductance, n MET;1 represents the steady-state activation of the MET channels given l, and n MET the instantaneous fraction of open MET channels. Here we adopt G max ¼ 30 nS, s ¼ 16 nm and x 0 ¼ 35 nm based on the recordings by Jia et al. (2007) from basal IHCs of the mature gerbil in a hemicochlea. Finally, since the reversal potential of the MET channels is close to 0 mV, the transduction current can be expressed as
where EP is the endocochlear potential. Here, we use EP ¼ 90 mV.
Outward potassium currents
In addition to the transducer current, the presence of outward K þ currents has been shown to play a major role in the hair-cell physiology in vitro (Hudspeth and Lewis, 1988; Kros and Crawford, 1990; Marcotti et al., 2004; Johnson et al., 2011; Johnson, 2015) . In mature high-frequency IHCs, the total voltage-gated K þ current is largely determined by a fast (I K,f ) and a slowly activating outward current (I K,s ) (Marcotti et al., 2004; Johnson, 2015) .
The total K þ current can be described by
where g K;f and g K,s are the voltage-dependent conductances of the fast and slow K þ channels, respectively, and E K;f ¼ À71 mV and E K;s ¼ À78 mV are the reversal potentials of the fast and slow channels, respectively (Kros and Crawford, 1990) . The activation kinetics of both fast and slow K þ channels are well described by two voltage-dependent time constants (Kros and Crawford, 1990) , but a first-order equation has been shown to approximate the activation of the fast K þ channels well (Marcotti et al., 2004) . This simplification has only a minimal impact on the results depicted here, as the second-order differential equation describing the kinetics of the K þ current describes an over-damped oscillator [see Eq.
(3) of Lopez-Poveda and Eustaquio-Mart ın, 2006], whose frequency response can be approximated with a first-order equation. Additionally, because the principal time constants of the activation of the K þ channels show very small variations for membrane potentials around the resting value (see Fig. 12 of Kros and Crawford, 1990) , we regard them as constant.
Based on these arguments, the activation kinetics of the two K þ channels can be described by the following equations:
n K;f=s þ s K;f=s dn K;f=s dt ¼ n K;f=s;1 ; (8) g K;f=s ¼ n K;f=s G K;f=s :
The half-activation potential (V 0:5 ) depends on the intracellular level of Ca 2þ buffers (Marcotti et al., 2004) . Johnson et al. (2011) estimated the activation curve of the total K þ outward currents in mature gerbil IHCs at the physiologically equivalent level of Ca 2þ buffers (1 mM EGTA). In order to employ these estimates from mature cells in a highly controlled preparation, we assume that the two channels share the same activation curve. This assumption is justified by the similar voltage-gating for the two channels (see the Boltzmann fits by Zeddies and Siegel, 2004 on the data in Kros and Crawford, 1990) . We employ G K;f ¼ G K;s ¼ 230 nS, V 0:5 ¼ À31 mV and s ¼ 10.5 mV, based on the study of Johnson et al. (2011) . At body temperature, the fast-activating K þ channels activate with principal time constants (s K;f ) of about 0.2 ms in the mature mouse (Kros et al., 1998) with a holding potential of À25 mV. In the mature gerbil, the principal time constant is 0.5 ms measured at room temperature and with a holding potential of À37 mV (Marcotti et al., 2004) . Using a Q10 factor of 1.76 (Johnson et al., 2011) , this time constant becomes 0.25 ms at body temperature. These values are similar to those estimated in guinea pig cells at body temperature 2 at similar holding potentials (Kros and Crawford, 1990) . We therefore utilize s K;f ¼ 0:3 ms based on Fig. 12 of Kros and Crawford (1990) .
The slow-activating K þ channels activate with a principal time constant of about 4 ms in mature mouse cells with a holding potential of À25 mV at body temperature (Kros et al., 1998) . This value is similar to that estimated in the guinea pig utilizing the same holding potential (Kros and Crawford, 1990) , which corresponds to a value of about 8 ms near the cell's resting potential. We therefore adopt s K;s ¼ 8 ms.
B. Electrical to neural transduction
Whole-cell Ca 21 current
The rate of exocytosis at the IHC ribbon synapse is regulated by Ca 2þ influx through L-type (Ca V 1.3) channels (Platzer et al., 2000; Brandt et al., 2003) . The kinetics of the Ca V 1.3 channels are effectively described by second-order activation and second-order inactivation . The faster inactivation time constant is roughly 50 ms, implying that the inactivation of the Ca V 1.3 has a negligible effect on the experimental derivation of neural tuning curves in which the stimulus duration is 50 ms.
The time course of activation is voltage dependent ; however, it may be considered constant for small excursions of the IHC receptor potential. The voltage-dependent conductance of the Ca 2þ channels (g Ca ) can therefore be expressed as m 1 ¼ ð1 þ e ÀðV m ÀV 0:5 Þ=s Þ À1=2 ;
(10)
We adopt s ¼ 7.5 mV, V 0:5 ¼ À25 mV, G Ca ¼ 4:1 nS, and s Ca ¼ 0:2 ms based on the recordings from basal IHCs of the mature gerbil . It should be noted that the value of G Ca is of no importance for the following analysis as it is a scaling constant that allows the predicted values of the whole-cell Ca 2þ current to fall within the physiological range. The total (whole-cell) current flowing through the Ca V 1.3 channels is then given by
where E Ca ¼ 45 mV is the reversal potential of the Ca V 1.3 channels.
Ca 21 controlled exocytosis
In the physiological range of the IHC membrane potential, the relationship between the whole-cell Ca 2þ current I Ca and the exocytosis rate in mammalian IHCs is approximately linear (Johnson et al., 2005; Goutman and Glowatzki, 2007) , at least in high-frequency units . Therefore, we express the relationship between the wholecell Ca 2þ current I Ca and the exocytosis rate at a single synapse (k) through the following quasi-linear 3 synaptic transfer function:
where k(t) is expressed in release events per time unit, I Ca;th is a fraction of the resting Ca 2þ current representing the offset of the straight line relating Ca 2þ influx and the exocytosis rate at individual synapses, and z is a constant. The max function represents the fact that the exocytosis rate cannot be negative.
The two parameters in the synaptic transfer function account for the different dynamic ranges of exocytosis among different synapses. The offset in Eq. (14) predicts the persistence of a small Ca 2þ current for membrane potentials more negative than those corresponding to the activation of the postsynaptic current, which was first reported in bullfrog IHCs by Keen and Hudspeth (2006) . The same phenomenon might be observed in mammalian hair cells, e.g., by comparing Figs. 3A1 and 3A2 of Goutman and Glowatzki (2007) . Note that Eq. (14) can result from the first-order polynomial expansion of a nonlinear function relating I Ca and k. Because the gating of the Ca 2þ channels differs among different synapses Ohn et al., 2016) , the existence of a perfectly linear relationship between the whole-cell Ca 2þ current and the exocytosis rate at a single synapse is very unlikely to exist.
Two conditions are needed to determine the parameters of Eq. (14) at individual synapses. The conditions employed here are: (i) k matches the AF discharge rate at rest and (ii) the peak value of k at saturation matches the peak AF discharge rate measured at very high sound pressure levels (SPLs).
The first condition is motivated by the fact that a single release event is sufficient to drive an action potential in the afferent AF when it is not in a refractory state (Siegel, 1992; Rutherford et al., 2012) , and hence the rate of neurotransmitter release and AF discharge rate are closely related. Estimating the value of the exocytosis rate corresponding to the AF spontaneous discharge rate by accounting for refractory effects through statistical models would be possible (e.g., Vannucci and Teich, 1978) . However, as the higher AF spontaneous discharge rates are in the order of 100 spikes/s while the refractory time constants are shorter than 1 ms (see, e.g., Peterson et al., 2014) , we assume that the difference between the spontaneous rate of exocytosis and that of the AF discharge is negligible for the present analysis.
The second condition is motivated by the linear relationship between the macroscopic Ca 2þ current and the exocytosis rate at the onset of the electrical stimulation of the IHC (Goutman and Glowatzki, 2007) . In principle, the parameters of Eq. (14) can be determined from the measured AF discharge rate at the onset of the response to acoustic stimulation at very high SPL, where the IHC responses can be considered saturated and little effects of synaptic depression and refractoriness are observed. Unfortunately, this fitting procedure can result in the peak of exocytosis rate being underestimated because the rise time of the mechanical drive to the IHC in vivo is larger than that of a voltage step of the receptor potential in vitro: whereas the rise time of a voltage step of the receptor potential is limited only by the electrical time constants of the IHC and of the experimental equipment, the rise time of the stereocilia drive is limited by the ramp applied to the acoustical stimulus (typically 1 ms long for tones) and by the time constants of the different mechanical elements involved in the transformation of the ear-canal pressure into deflection of the IHC stereocilia. Therefore, during the time the mechanical stimulation to the stereocilia reaches its maximum, some vesicles can be released with a significant probability, thereby limiting the measurable peak of the AF discharge rate.
Additionally, to the authors' best knowledge, there is no existing systematic characterization of the peak responses of AFs to very loud tones. To partially account for these two issues, a generous range of possible peak values of the exocytosis rate is employed in the numerical simulations.
In this study, representative models of low (0.01-1 spikes/s), medium (1-18 spikes/s), and high (18-100 spikes/s) spontaneous rate AF are employed. The strength of AF responses at the onset strongly correlates with the AF spontaneous rate, with a peak-to-steady ratio of AF responses to 25-50 ms tone bursts spanning from 1 (low spontaneous-rate units) to above 8 (high spontaneous-rate units) (Rhode and Smith, 1985; Taberner and Liberman, 2005) . By assuming steady-state 4 firing rates between 180 and 300 spikes/s (Zagaeski et al., 1994) and peak-to-steady ratios between 1 and 3, 2 and 6, and 5 and 9, peak exocytosis rates of 180-900, 360-1500, and 900-2700 spikes/s are obtained for low, medium, and high spontaneous rate units, respectively.
Determination of threshold levels
The neural threshold criterion employed in this study is based on a widely adopted experimental procedure (Liberman, 1978) . In short, a 50 ms acoustic tone is presented to the ear, and the activity of the auditory nerve is recorded during the tone presentation and the following 50 ms. The neural threshold is defined as the minimum sound level that can consistently triggers one spike more during the tone presentation than during the following 50 ms. By neglecting the role of synaptic depression in this procedure (see below), the neural threshold corresponds to an increase of 20 spikes/s above the considered AF spontaneous rate during the tone presentation. Similarly, the threshold criterion employed in this study corresponds to the minimum amplitude of ciliary deflection sufficient to drive the average exocytosis rate [computed using Eq. (14) ] to 20 release events/s above its resting value. This assumption is justified on the basis that the present study focuses on levels of neural excitation corresponding to the neural threshold. For such levels of excitation only one extra spike over spontaneous activity can be registered during the threshold determination procedure. Because a single exocytotic event is sufficient to trigger an action potential in the afferent fiber (Siegel, 1992; Rutherford et al., 2012) , only a single extra release of neurotransmitter is observable in the threshold determination procedure, implying that synaptic depression does not greatly affect the estimation of the neural thresholds.
III. RESULTS
A. Simulations of the macroscopic Ca 21 current
The macroscopic Ca 2þ current can be simulated by imposing a sinusoidal deflection of the ciliary bundle in Eq. (5). Figure 2 shows the waveforms of the MET current, the IHC membrane potential and the Ca 2þ current for a 50 ms sinusoidal deflection of the IHC stereocilia of 40 nm for different frequencies (500 Hz, 2 kHz, 8 kHz). The dashed horizontal lines indicate the average levels over the stimulus presentation.
The predicted membrane resting potential (middle row) for the selected parameters is À59 mV. Determining the precise value of the IHC resting potential experimentally in vivo is practically impossible, as the electrode impalement creates an unknown leakage current that affects the activations of the various ion channels. Additionally, the value of the IHC resting potential depends on the magnitude of the MET current at rest, which in turns depends on the Ca 2þ concentration in the proximity of the stereocilia and the presence of mobile Ca 2þ buffers (Ricci et al., 1998; Johnson et al., 2011; Corns et al., 2014) . Zeddies and Siegel (2004) calculated a resting membrane potential of À64 mV. However, they assumed smaller magnitudes for the MET conductances than those estimated more recently for mature IHCs at physiological levels of extracellular Ca 2þ concentration (Jia et al., 2007; Johnson et al., 2011) . The predicted resting potential of the present model is in agreement with the findings by Johnson et al. (2011) , who estimated it to be between À60 and À55 mV in mature gerbils at physiological levels of extracellular Ca 2þ .
The activation curve of the MET channels [Eq. (5)] distorts the sinusoidal ciliary deflection, so the MET current can be thought of as a sum of sinusoids (AC components) and a continuous (DC) component. The non-instantaneous activation of the MET channels attenuates the higher harmonics of the AC component of the MET current, similarly to a low-pass filter with a cut-off frequency of 3.2 kHz. 5 The action of the IHC membrane [Eq. (1)] is similar to that of a low-pass filter, which attenuates the high-frequency components of the receptor potential. The time constant of the IHC-associated low-pass filter depends on the activation of the K þ current, and its value at rest is 0.4 ms. The action of the outward K þ currents attenuates the DC component and further distorts the waveform of the receptor potential for the lowest frequency stimuli. Small sags are visible at the onset and the offset of the stimuli, which have been previously predicted by modeling studies (Zeddies and Siegel, 2004; Lopez-Poveda and Eustaquio-Mart ın, 2006) .
The Ca 2þ current (I Ca ) in the bottom row of Fig. 2 is a distorted low-pass-filtered version of the receptor potential. This distortion is caused by the activation of the Ca 2þ channels, which converts part of the AC component of the receptor potential into a DC component of I Ca . The second-order activation kinetics of I Ca [Eq. (10)] is analogous to a secondorder low-pass filter with a cut-off frequency of 800 Hz, which attenuates the high-frequency components of I Ca .
The lower panels in Fig. 2 show that for the same level of mechanical excitation of the IHC stereocilia, the average component of I Ca differs slightly depending on the frequency of the ciliary oscillation. To further investigate the relationship between the frequency of the bundle oscillation and the level of Ca 2þ influx at the synapse, Fig. 3(A) shows the average value of I Ca as a function of the frequency with which the stereocilia vibrate (solid line). The figure shows that the average level of Ca 2þ influx at the synapse is fairly independent of the frequency of the bundle's oscillation, whose level lies within 6 1.5 dB around its median value for all frequencies. The same figure shows the peak-to-peak value of I Ca (dashed-line), which is a measure of the level of the AC component of Ca 2þ influx. The AC component of the Ca 2þ influx at the synapse is approximately constant at low frequencies, exhibiting a weak resonance around 500 Hz caused by the interaction of the IHC membrane time constant and the activation of the fast outward K þ current. The AC component of I Ca rapidly decays for frequencies above 1 kHz. This is not surprising as the mechanical-to-neural transduction process involves several cascades of nonlinearities followed by low-pass filtering. As the exocytosis rate at the IHC ribbon synapse is approximately proportional to I Ca , the phase-locking properties of the afferent fibers greatly depend on the magnitude of the AC component of I Ca . To further test the accuracy of the model prediction of the phaselocking limits of the AF responses, Fig. 3(B) compares the range of the predicted vector strengths of the AF responses against those measured in the base of the chinchilla by Temchin and Ruggero (2010) . Although our model does not account for synaptic depression or refractoriness (that might affect the vector strength of AF responses), the model is in good agreement with the reference data.
B. Estimating the relationship between neural and stereocilia frequency tuning
Due to the heterogeneity of Ca 2þ signaling at the synapse Wong et al., 2013; Ohn et al., 2016) and AF discharge rates (Liberman, 1978) , obtaining a Fig. 7(A) of Temchin and Ruggero, 2010 ]. In the model, the vector strength of the AF responses depends upon the rectification strength at the synapse, which is controlled by the parameter I Ca;th in Eq. (14). Therefore the range of predicted vector strengths was obtained by sweeping I Ca;th from its minimum to its maximum value in 30 steps.
precise function relating the exocytosis rate and Ca 2þ current at the individual synapse it is currently not possible. Consequently, we tested the model predictions using a wide range of parameters to describe the synaptic transfer function Eq. (14). Figure 4 (A) plots the estimated amplitude of the stereocilia deflection necessary to drive the different AF models above the threshold as a function of the stimulus frequency.
Depending on the combination of the parameters of the synaptic transfer function, there is a substantial heterogeneity of the AF thresholds. To test whether the model can account for the heterogeneity of AF thresholds reported in experimental studies, the amplitude of the stereocilia deflection corresponding to neural threshold is computed for 200 AF models with randomly distributed parameters (spontaneous rate and peak of exocytosis rate) with a driving frequency of 8 kHz. These results are plotted as a function of spontaneous rate using a logarithmic scale in Fig. 4(B) along with the data of Fig. 4(B) of Winter et al. (1990) . The predicted amplitudes of the stereocilia deflection necessary to drive the most and least sensitive fibers differ by 12 dB. This difference in combination with a compressive growth of the mechanical responses with the SPL of 0.2-0.3 dB/dB at CF (Robles and Ruggero, 2001; Ren et al., 2016b ) predicts a range of AF thresholds between 40 and 60 dB SPL, which is in good agreement with experimental data (Liberman, 1978; Winter et al., 1990) . Additionally, the figure shows that the range of variability of the parameters adopted is adequate to mimic the heterogeneity of AF thresholds and their dependence on the unit's spontaneous rate. The data in Fig. 4(A) show that for all the simulated cases, a smaller deflection of the ciliary bundle is necessary to drive the AF above threshold at low frequencies than at higher frequencies. To better visualize this difference, the curves in Fig. 4(A) are normalized, and their reciprocals are plotted in Fig. 4(C) . The resulting curves provide a measure of the frequency sensitivity of the transduction process at individual synapses and reflect the difference between the frequency tuning of the stereocilia and that of the AF.
Depending on the exact combination of the model parameters, there is substantial variability in the frequency sensitivity of the AF. Despite this variability, the curves retain the same shape, i.e., they are well described by the same piecewise function [dashed lines in Fig. 4(C) ]. This function, which will be referred to as the synaptic frequency sensitivity S(f), shows a plateau below a corner frequency f c and exponentially decays for frequencies above f c ,
where P indicates the peak sensitivity at low frequencies, corresponding to the level of the low-frequency plateau. For all cases shown in Fig. 4(C) , a fixed f c of 450 Hz captures the simulated data with 1 dB accuracy. The largest deviation is shown for the unit with the highest threshold level for which the best-fitting value of f c is larger (f c ¼ 500 Hz, data not shown). This deviation is a consequence of the nonlinear activation of the IHC membrane currents, which yields a stimulus-level-dependent variation in the effective time constant of the IHC. Since the deviation is small, it is neglected from the following analysis. Although the data in Fig. 4(C) show that the smallest values of P are associated with high spontaneous-rate units, no simple relationship can be drawn between the spontaneous rate and P. To investigate the range of variability of P and its dependence on the characteristics of individual AFs, we computed it for 200 AF models with randomly distributed parameters in 0.2 dB steps. Figure 5 (A) plots the peak value of the frequencysensitivity function [P in Eq. (15)] against the spontaneous rate of the simulated AFs. The values of P vary from 1.4 to 9.2 dB, with a median value of 6.2 dB and an interquartile range of 1.2 dB. By categorizing the AFs according to their spontaneous rate, small differences in P can be noted between low and medium spontaneous-rate units, where P spans from 3 to 9.2 dB. High spontaneous-rate units, on the other hand, exhibit the lowest values of P (1.4-9.2 dB), and P decreases with an increasing spontaneous rate. Figure 5 (B) plots the values of P against the maximum peak discharge rate associated with the different AF models. This figure shows that P increases with the peak exocytosis rate up to about 800 spikes/s. Above this value, there is no apparent correlation between P and the peak exocytosis rate.
C. Estimation of the tuning of stereocilia in vivo
The frequency tuning of the IHC stereocilia can be estimated from the frequency tuning of the AF by accounting for the frequency sensitivity of the transduction process. For units in the basal region of the mammalian cochlea, the stereocilia tuning can be estimated by adding the synaptic frequencysensitivity function of Eq. (15) to the neural tuning curves. 6 This method is applied to the recordings from the chinchilla base by Narayan et al. (1998) . These recordings were selected because they provide measurements from the AF and the BM in the same cochlea. Figure 6 shows the reference data [ Fig. 1(A) of Narayan et al., 1998 ] together with three estimates of the possible constant-stereocilia-deflection contours (dashed-lines) that are obtained by summing the synaptic frequency-sensitivity function to the neural tuning curves. Different low-frequency plateau levels [P in Eq. (15) ] for the synaptic frequency-sensitivity function were employed (3, 6, and 9 dB), covering the estimated range of variability of the considered AF, given its spontaneous rate of 11.4 spikes/s. Above 2 kHz, the mechanical tuning of the stereocilia overlaps with the neural tuning curve, which closely resembles constant-BM-velocity contours. For frequencies between 500 Hz and 2 kHz, the difference between the tuning of the stereocilia and that of the BM velocity is smaller than the difference between the tuning of the BM velocity and that of the AF. According to the model, stereocilia deflection and BM velocity retain a very similar frequency tuning above 500 Hz. For frequencies below 500 Hz, the constant-stereocilia-deflection contours lie significantly below constant-BM-velocity contours, implying that the difference between the tuning of the BM velocity and that of the AF for these data cannot be accounted for by the transduction process alone.
D. Heterogeneity of the frequency sensitivity of the synapses
To investigate which model parameters are responsible for the variability in the peak value P of the synaptic (14), which were randomized in the numerical simulations. The value of P strongly depends on the parameters of the synaptic transfer function [Eq. (14) ]. Figure 5 (C) plots P against the offset of the synaptic transfer function (I Ca;th ), which is expressed as a fraction of the resting value of I Ca . This figure clearly indicates that the smallest P values ( 2 dB) are associated with I Ca;th below about 80% of the resting value of I Ca . In this range, P and I Ca;th are strongly correlated, whereas for I Ca;th above 80% the variability of P increases abruptly. Figure 5 (D) plots P against the slope of the synaptic transfer function z. The data distribution resembles that in Fig.  5(B) , which is not surprising as z and the maximal discharge rate are closely related parameters in the model [see Eq. (14) ]. For the smallest values of z, P shows little variability and lies around 4 dB. With an increasing z, the data points spread vertically and demonstrate a poor correlation between P and z.
The interplay of I Ca;th and z determines the frequency sensitivity at the synapse. For small values of I Ca;th , there is only a small amount of rectification at the synapse, resulting in an average exocytosis rate that reflects the broad tuning of the DC component of the Ca 2þ current. With increasing I Ca;th , the rectification of the synaptic transfer function becomes significant, and hence larger fractions of the AC component of I Ca contribute to determine the average exocytosis rate. For AF models with high values of I Ca;th , P depends on the threshold level, which in turn is determined by the value of z. For increasing threshold levels (equivalent to a decrease of z), the offset in the synaptic transfer function becomes increasingly negligible as it is much smaller than the DC level of I Ca near threshold.
E. Robustness of the model predictions
To assess the dependence of the estimated synaptic frequency sensitivity on the parameters considered fixed up to this point, simulations of the mechanical-to-neural transduction were conducted with different values of the offset of the nonlinearity describing the activation of the MET channels [x 0 in Eq. (2)]. This is a simple and effective way to estimate the robustness of our results to changes in the model parameters, because it simultaneously alters the membrane resting potential, the activation of the MET channels, the IHC time constant, and the activation of the K þ and Ca 2þ channels relative to the receptor potential. Figure 7 (A) plots the synaptic frequency sensitivity for three AF models (spontaneous rates 0.01,10, 60; peak rates 220, 1000, and 2700 spikes/s), simulated with x 0 ¼ 51 nm and x 0 ¼ 25 nm corresponding to 5% and 18% open MET channels at rest, and resting potentials of À63 and À54 mV. In both cases, the shape of the frequency-sensitivity function is similar, with a higher corner frequency for the higher fraction of MET channels open at rest. This difference arises due to the different IHC time constants in the two cases. The low-frequency plateaus of the frequency sensitivity function are larger when more MET channels are open at rest. The range of variability of P was estimated to be 0.8-5 dB and 3.4-11.8 dB in the two cases, on the basis of 200 simulated AF models.
To investigate the causes of this difference, we further computed the range of the variability of P by manipulating the endocochlear potential [EP in Eq. (5) ]. In this way, it was possible to alter the resting potential of the IHC, and consequently the relationship between activation of the K þ and Ca 2þ channels and the receptor potential without affecting the nonlinearity describing the activation of the MET channels. We impose EP ¼ 0 and EP ¼ 200 mV, corresponding to IHC resting potentials of À63 and À54 mV as for the previous simulations. The manipulation of the EP yield P in similar ranges for the two cases (EP ¼ 0 mV, 1:8 P 8:8 dB; EP ¼ 200 mV, 2:4 P 9:2 dB). Figure 7(B) compares the FIG. 6. Estimated stereocilia tuning from the neural tuning curves in Fig.  1(A) of Narayan et al. (1998) . This figure shows the neural tuning curves and BM constant-velocity and constantdisplacement contours of the original study along with possible shapes of constant-stereocilia-deflection contours (dashed lines) obtained by accounting for the frequency sensitivity of the transduction process. The results of the present study show that the relationship between the frequency tuning of the auditory fibers and that of the stereocilia of the inner hair cell can be approximated with piecewise functions [Eq. (15) ] with substantial variabilities in their low frequency peak value P across different synapses. The different constant-stereocilia-deflection contours represent estimates using different values of P (3, 6, and 9 dB). estimated median value of P for the different values of the IHC resting potential, which were imposed either by altering the activation curve of the MET nonlinearity or the endocochlear potential. In the figure, the À59 mV case represents the median of the result drawn with the default model's parameter. Figure 7(B) shows that the median of the simulations remains approximately constant when the endocochlear potential is altered, whereas it increases with a more positive IHC resting potential when the activation curve of the MET channel is activated.
This result indicates that the estimated frequency sensitivity of the transduction process is fairly independent of small perturbations of the activation of the K þ and Ca 2þ channels relative to the receptor potential. On the other hand, the P range depends heavily on the activation of the MET channels, because the AC/DC ratio of the IHC receptor potential increases with an increasing symmetry of the MET nonlinearity. This causes larger sensitivity differences between low and high frequencies for smaller values of the offset in Eq. (2).
IV. DISCUSSION
A. What drives the IHC stereocilia?
The estimated frequency sensitivity of the transduction process was employed to derive constant-stereocilia-deflection contours from previously published neural tuning curves from the chinchilla base (Narayan et al., 1998) . Even though the generalization of the results presented must be handled carefully because the proposed method is applied to a single data-set, we presented an example of applicability of the method to existing data.
The proposed method shows that the transduction process introduces a difference in the tuning of the stereocilia and that of the AF that is similar to the difference between the tuning of BM velocity and that of the AF above 500 Hz in the reference data. Below this frequency, constant-stereocilia-deflection contours lie well below constant-BM-velocity contours. These results indicate that, in the reference data, the frequency tuning of the mechanical drive to the IHC is similar to that of the BM velocity at high frequencies, whereas it shifts towards constant-BM-displacement contours at low frequencies. It is hard to reconcile this result with the classical view of stereocilia excited by BM velocity at low frequencies and BM displacement at high frequencies (e.g., Shamma et al., 1986; Cheatham and Dallos, 1999) .
The results presented here indicate that at high frequencies the radial shear between TM and RL probably does not play a major role in deflecting the IHC stereocilia, as its magnitude is proportional to the relative displacement between TM and RL (Freeman and Weiss, 1990) .
Regardless of the precise nature of the mechanism driving the IHC stereocilia, our results strongly support the notion that the IHC stereocilia are free to vibrate without substantial attenuation up to their characteristic frequency (Zetes and Steele, 1997) . The authors' interpretation of these results is that the fluid flow caused by a compression of the gap between the RL and the TM (see Guinan, 2012) controls the amount of stereocilia deflection at high frequencies, because the RL is similarly tuned to the BM (Chen et al., 2011; Ren et al., 2016a; Ren et al., 2016b) and a compression of the RL-TM gap proportional to the RL displacement would produce a fluid flow proportional to the RL velocity.
Several factors can be the source of the discrepancy between the tuning of the BM and that of the stereocilia at low frequencies. It is well-documented that the vibrations of the different elements of the OC are not trivially related to the vibrations of the BM (Mountain and Cody, 1999; Nowotny and Gummer, 2006; Karavitaki and Mountain, 2007; Guinan, 2012) . Therefore, different mechanisms might be responsible in deflecting the IHC stereocilia at high and low frequencies.
B. Limitations of the study
The biggest limitation of this study is the impossibility of precisely establishing the parameters of the synaptic transfer function in vivo. The definition of a Ca 2þ -driven rate of exocytosis enabled us to establish a relationship between the FIG. 7 . Model robustness to the variation of the parameters. (A) The estimated synaptic frequency sensitivity is plotted for three AF models (different peak and spontaneous rate) when the offset of the Boltzmann nonlinearity describing the activation of the MET channel is modified [x 0 in Eq. (2)]. x 0 ¼ 51 nm (dashed lines) yielding a resting potential of À63 mV and x 0 ¼ 25 nm (solid lines) corresponding to a receptor potential of À54 mV. (B) Medians of the peak of the synaptic frequency sensitivity function P of 200 AF models when either the activation of the MET channel or the endocochlear potential (EP) were altered to obtain different values of the IHC resting potential. This figure shows that the predicted values of P depend on the activation of the MET channels, while they are hardly affected by a 6 4.5 mV perturbation of the IHC receptor potential per se, meaning that the model's predictions are fairly independent of the precise activation of the membrane currents relative to the receptor potential. mechanical excitation of the stereocilia and the AF firing rate for near-threshold level of excitation, where the effects of synaptic depression and refractoriness can be considered negligible. Whereas the Ca 2þ -driven exocytosis rate can be estimated when the IHC potential is at its resting value, establishing the range of values that it can assume during sustained stimulation is difficult. A representative range was estimated from the onset of AF responses to tonal stimulation at very high SPLs. In principle, at these levels, the IHC receptor potential can be considered saturated. Furthermore, the effects of synaptic depression or refractoriness should be small at the onset of the neural responses. The noninstantaneous rise-time of the mechanical excitation and the lack of a systematic characterization of AF discharge peak rates at very high SPLs might have led to underestimating the highest possible values of the driven exocytosis rate in vivo.
We conclude that a large error was not committed in estimating the range of variability of the Ca 2þ -driven exocytosis rate based on some properties of the model. First, the lowest predicted threshold levels correspond to a ciliary deflection of about 4 nm. This value closely matches the smallest ciliary deflection that a hair cell can resolve (van Netten et al., 2003) , leading to conclude that the slope of the synaptic transfer function was not significantly underestimated by the fitting procedure. Second, the estimated values of the peak exocytosis rate lead to the reproduction of the range of threshold levels of the AFs and their distribution among high, medium and low spontaneous activity units reported in the guinea pig by Winter et al. (1990) .
The relatively large variability in the frequency sensitivity among different AFs, prevented a very accurate determination of the tuning of the stereocilia from published neural tuning curves. However, experiments can be designed to obtain a more precise estimate of the tuning of the stereocilia by determining possible parameters of the model for the measured AF. For example, this can be performed by determining the peak discharge rate in response to very loud clicks (over 120 dB) for the considered AF, and then fitting the parameters of the synaptic transfer function to the measured data. These data would allow for the estimation of the saturation level of the Ca 2þ -driven exocytosis rate in vivo, limiting the effect of synaptic depression and refractoriness on the estimation due to the steeper onset of mechanical responses to clicks than to pure tones.
Another limitation of the study is the omission of MET current adaptation from the model equations. The fast component of MET current adaptation can in fact create a highpass filter effect on the MET current, as shown in the mature gerbil (Jia et al., 2007) . At physiological levels of Ca 2þ , the fast time constant of MET current adaptation is larger than 1 ms, and the amount of adaptation associated with such a fast component is small (Jia et al., 2007; Corns et al., 2014) . By (generously) assuming that (i) the decrease of the MET current associated with the fast adaptation component is 40%, (ii) the time constant is of 1 ms, and (iii) by further describing the fast MET adaptation component through a first-order high-pass filter, we found that its inclusion in the model creates a maximal attenuation of the MET current of about 4 dB at very low-frequencies. At 150 Hz, the attenuation produced is of about 1 dB. Therefore, the exclusion of the MET current adaptation in the model equations introduces inaccuracies larger than 1 dB only for frequencies below 150 Hz.
Last, the prediction of the model based on parameters stemming from in vitro data are hard to confirm experimentally in vivo. Nonetheless, the results presented here are supported by the in vivo recordings showing a predominant lowpass characteristic of the IHC and AF responses (e.g., Palmer and Russell, 1986) . A partial confirmation of our predictions might be possible in vitro, e.g., by driving the stereocilia with a fluid-jet while counting the evoked post-synaptic potentials (EPSCs) in the afferent AF terminals.
C. Heterogeneity of the frequency sensitivity of individual synapses
The model-based estimation of the frequency sensitivity of the IHC-mediated transduction process shows a significant variability across individual synapses. The results of the simulations show that the average discharge rate of AFs exhibit a preference to low-frequency oscillations of the ciliary bundle and that this preference can be accurately described with the same function for all simulated AFs. The difference in the stereocilia deflection amplitude required to drive the different AFs above threshold at low ( 500 Hz) and high driving frequencies (! 4 kHz) varies from 1.4 to 9.2 dB, depending on the properties of the considered synapse.
The largest contributing factor to this variability is the offset of the synaptic transfer function, which controls the gating of the exocytosis at the synapses. Heterogeneity of the gating properties at the individual synapses is evident from recordings from afferent AFs: units with similar discharge rates at saturation can exhibit spontaneous discharge rates spanning from less than 0.1 to more than 100 spikes/s (Liberman, 1978) . Diverse gating properties of the Ca 2þ channels in the same IHC have been documented by Frank et al. (2009) and Ohn et al. (2016) , who found a large variance in the half-activation potential and number of the Ca 2þ channels across active zones in the same IHC. Due to the impossibility of estimating the precise relationship between Ca 2þ signaling and exocytosis at the synapse, the slope and offset of the synaptic transfer function have been chosen in order to fit the peak and spontaneous rate of the afferent AF, given the macroscopic Ca 2þ current.
Although the behavior of the simplified model employed in this study does not heavily depend on the activation of the Ca 2þ channels relative to the receptor potential (Sec. III E), the model outcome strongly supports the notion that the gating and the number of the Ca 2þ channels play a major role in the differentiation between low and high spontaneous rate fibers. In particular, the found variability in the parameters of the synaptic transfer function might account for the differences in the size and gating of the Ca 2þ channel clusters among individual synapses.
For example, the assumption that the half-activation of the Ca 2þ channels is À30 mV for synapses with the highest peak and spontaneous rate and of À20 mV for those with the lowest spontaneous and peak rate would lead to a 4.5-fold variation in the slope of the synaptic transfer function [z in Eq. (14) ]. This variability in the slope of the synaptic transfer function is comparable to the differences between the maximal Ca 2þ influx at the different synapses (Meyer et al., 2009; Frank et al., 2009) , which is thought to arise from the difference in the number of Ca 2þ channels in the different active zones (Ohn et al., 2016) . Therefore, the variability in the slope of the synaptic transfer function necessary to relate the macroscopic Ca 2þ current with the exocytosis rate might just reflect the differences in the slope of the activation of the Ca 2þ current between different synapses near the IHC resting potential, which stem from the heterogeneity in the size and gating properties of the synaptic Ca 2þ channels clusters.
The apparent offset in the synaptic transfer function that relates the whole-cell current with the exocytosis rate at a single synapse, which was necessary to fit the dynamic range of the AFs' discharge rate in the model, most likely stems from a non-perfectly linear relationship between the wholecell Ca 2þ current and the exocytosis rate at individual synapses. Such nonlinearity might be caused by the high intrinsic Ca 2þ cooperativity (Keen and Hudspeth, 2006) or from high channel cooperativity as Heil and Neubauer (2010) propose. In either of the cases, the mismatch between the Ca 2þ influx at the considered synapse vs the average Ca 2þ influx measured across all the synapses of the same IHC would lead to an apparent offset in the synaptic transfer function relating whole-cell current and exocytosis rate at a single synapse.
V. CONCLUSION
This paper presented a computational method to estimate the frequency tuning of the inner hair cell (IHC) stereocilia from neural tuning curves. To achieve this goal, a computational model of the mechanical-to-neural transduction was developed by including the equations describing the activation of the principal ion channels in the IHC. The model parameters are based on results of previously published in vitro measurements performed on mammalian IHCs. The predicted Ca 2þ current at the synapse was employed to predict the Ca 2þ -driven rate of release of neurotransmitters at the synapse. Because the analysis focused on levels of excitation near the threshold of the afferent auditory fibers, the effects of refractoriness and synaptic depression were considered negligible in the determination of the neural tuning curves.
The model predicts that the vibrations of the stereocilia necessary to drive the afferent auditory fibers above threshold are smaller at low driving frequencies than at high driving frequencies. This difference is well described by a lowfrequency plateau exponentially decaying above about 500 Hz. Depending on the response properties of the considered auditory fiber, there is a substantial heterogeneity in the level of the low-frequency plateau, spanning from 1.4 to 9.2 dB. The predicted heterogeneity is thought to arise from the diversity of Ca 2þ signaling at individual synapses, a well-documented phenomenon Ohn et al., 2016) . Finally, the model predictions were employed to derive constant-stereocilia-deflection contours from previously published tuning curves that present the tuning of the basilar membrane and that of the auditory nerve from the same cochlea (Narayan et al., 1998) . The estimated constant-stereocilia-deflection contours are more similar to constant-basilar-membrane-velocity contours than neural tuning curves, pointing out that the frequency tuning of the stereocilia resembles that of basilar membrane velocity for frequencies above 500 Hz. For frequencies below 500 Hz, there is an apparent difference between the tuning of the stereocilia and that of the basilar membrane. These results are in stark contrast with the classical view of the stereocilia being approximately driven by basilar membrane velocity at low frequencies and basilar membrane displacement at high frequencies.
In particular, the application of the proposed method to existing data supports the idea that no simple linear relationship between basilar membrane and stereocilia vibrations exists in the mammalian cochlea, even for vibrations of the basilar membrane in the order of 1 nm. Despite the technical difficulties in observing the deflection of the stereocilia directly, the present study proposes that it can be deduced from auditory nerve recordings using computational tools. time constant of the Ca 2þ channels. Therefore, the time course of the activation of the MET channels plays a very minor if not negligible role in shaping the frequency sensitivity of the AFs. This consideration is particularly important for the validity of the results drawn here, because the activation time constant of the MET channels might be shorter than that employed here (see Ricci et al., 2005) . 6 This estimation is correct if the displacement of the stereocilia increases linearly with the stimulus pressure. The application of the proposed method is appropriate for high CF units because the differences between neural and stereocilia frequency tuning are significant at frequencies well below CF, where the mechanical responses grow approximately linearly (Robles and Ruggero, 2001) .
